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Abstract

Plasmodium falciparum, the causative agent of malaria, contributes to significant morbidity and
mortality worldwide. Forward genetic analysis of the blood-stage asexual cycle identified the
putative phosphatase from PF3D7_1305500 as an important element of intraerythrocytic
development expressed throughout the life cycle. Our preliminary evaluation identified it as an
atypical MAPK phosphatase. Additional bioinformatics analysis delineated a conserved signature
motif and three residues with potential importance to functional activity of the atypical dual-
specificity phosphatase (DUSP) domain. A homology model of the DUSP domain was developed
for use in high-throughput in silico screening of the available library of antimalarial compounds
from ChEMBL-NTD. Seven compounds from this set with predicted affinity to the active site
were tested against in vitro cultures and three had reduced activity against a APF3D7_1305500
parasite, suggesting PF3D7_1305500 is a potential target of the selected compounds.
Identification of these compounds provides a novel starting point for a structure-based drug
discovery strategy that moves us closer towards the discovery of new classes of clinical
antimalarial drugs. These data suggest that MAPK phosphatases represent a potentially new class
of P. falciparumdrug target.

Introduction

Malaria is a terrible affliction of people in tropical and subtropical regions worldwide,
putting the health of approximately 40% of the global population at risk with pregnant
women and children most vulnerable (1). Currently, artemisinin combination therapies
(ACTs) are the recommended first line therapy endorsed by the World Health Organization
(WHO) (2-4), which have been highly successful in treating cases of uncomplicated malaria
for several years. However, recent emergence of artemisinin treatment failures in Southeast
Asia has intensified efforts for new chemotherapeutic agents with alternate modes of action
to decrease the further development of multi-drug resistance (4-7).
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In an effort to discover new antimalarial drug targets in P. falciparum we are utilizing a
random transposon-mediated insertional mutagenesis strategy to identify metabolic
processes and pathways that are important for asexual blood-stage growth (8, 9). A forward
genetic screen in the laboratory-adapted clone of P. falciparum NF54 discovered that a
disruption of the gene PF3D7_1305500 severely attenuated blood-stage P. falciparum
growth (10). The primary phenotype of this mutant was due to a defect in cell cycle
checkpoint with a significantly delayed progression out of pre-S phase (the trophozoite to
schizont transition). The disruption was created by a single insertion of the transposon
(piggyBac) into the ORF of PF3D7_1305500, creating a null mutant; normal growth could
be completely restored by complementation with the intact gene (10). Bioinformatic analysis
determined the PF3D7_1305500 protein product identified as homologous to the PTP
superfamily and its structural characteristics similar to the Mitogen-Activated Protein
Kinase (MAPK) phosphatase (MKP) subgroup. A key feature of this type of phosphatase is
the tandem arrangement of a non-catalytic rhodanese domain followed by a dual-specificity
phosphatase domain (11) and the gene is conserved in all Plasmodium species with a
sequenced genome. MKPs in other eukaryotes can have similar functions and often are
critical for intracellular signaling in response to numerous types of external stimuli (12-14).

The most detailed functional knowledge of signaling pathways in malaria research has
revealed MAPK signaling cascades are critical components of sexual stage proliferation (11,
15-23). The MKP-type phosphatase is a likely regulator of these pathways. Interaction of
the MKP with its phosphoprotein substrate depends on three conserved residues in the
consensus DUSP domain binding pocket (11, 17, 24, 25). Analysis of the PF3D7_1305500
DUSP domain revealed that only two of the three conserved residues typically present in a
DUSP signature motif are present. Instead the third residue, which is typically an arginine,
aligns with an isoleucine that is conserved in each of the Plasmodium orthologs. Absence of
this specific residue may reduce but may not totally abrogate phosphatase activity; therefore,
PF3D7_1305500 is expected to have little or no phosphatase activity and possibly
functioning as a pseudophosphatase (26—28). Conservation of the | to R substitution in all
Plasmodium species is a unique characteristic indicative of an atypical MKP with an altered
function within the malaria parasite lineage and requiring further study. This distinct active
site and its potential involvement in regulating the MAPK pathway make this atypical MKP
a promising candidate for antimalarial drug discovery. We have initiated identification of
potential MKP inhibitory compounds through use of computational high-throughput
screening (HTS) that allowed large sets of compounds to be investigated for possible
biological activity (29). Using this method, suitable lead candidates can be identified from
large drug-like data sets improving productivity and lowering costs to a level more favorable
than in vitro screening methods, enhancing structure-based drug design (30, 31).

Materials and Methods

Identification of Conserved Domains and Evolutionary Lineage

The deduced amino acid sequence of PF3D7_1305500 (MKP) was retrieved from a public
database (32) and physicochemical parameters were determined using ProtParam (33).
Conserved domains were identified using the Conserved Domains Database (CDD) (34),
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Conserved Domain Architecture Retrieval Tool (CDART) (35), InterProScan (36, 37),
Prosite (38, 39), Superfamily (40), and the Simple Modular Architecture Research Tool
(SMART) (41, 42). The full deduced amino acid sequence and individual conserved
domains were used with BLAST (BLASTP) to identify orthologs in NCBI protein. A
multiple sequence alignment was constructed from the retrieved sequences with the lowest
E-values to identify conserved regions. The phylogenetic tree was inferred using the
Neighbor-joining method computing the evolutionary distance using the Poisson correlation
with the Molecular Evolutionary Genetics Analysis software (MEGADS) (43-45).

Evaluation of Secondary Structure and Post-translational Modifications

The secondary structure of the PF3D7_1305500 product was evaluated using JPRED (46)
and PSIPRED (47, 48). Phosphorylation sites were assessed using NetPhos 2.0 (49), which
identifies serine, threonine and tyrosine phosphorylation sites, and NetPhosK 1.0 (50) to
identify kinase binding sites. Prediction of a signal peptide and cleavage site was searched
using Signal IP 3.0 (51). Mitochondrial and plastid targeting sequences were searched using
the prediction servers Predotar (1) and PATS (52-54). N-terminal myristoylation was
investigated using the Myristoylator from ExPASy (55).

Molecular Modeling and Structure Validation

The three-dimensional structure of PF3D7_1305500 has not been resolved so a homology
model was built using the automated protein structure homology modeling server Swiss-
Model. Suitable templates for modeling were identified using PSI-BLAST in the Swiss-
Model repository (56-59). The crystal structure of MKP3 (NCBI Accession No. IMKP_A)
was the most suitable of the available templates with greatest sequence coverage and
similarity (60). The remaining residues of PF3D7_1305500 not showing any significant
similarity were not included for homology modeling. The model was assessed using the
atomic empirical mean force potential with Atomic Non-Local Environment Assessment
(ANOLEA), empirical force field with Groningen Molecular Simulation program
(GROMOS), and QMEANS (57, 61). The stereochemistry was assessed with a minimum
resolution of 2.5 A using PROCHECK (62). The final structure was also compared to the
predicted secondary structure represented using DSSP and PROMOTIF (63). ERRAT plots
were generated to check structure quality of the template and homology structure using a
nine residue sliding window (64). This process was repeated in an iterative fashion until all
the residues in the plot were not below 95% as done previously (65). The quality of the final
structure was also verified using Verify 3D, Procheck and Ramachandran plots (62, 66, 67).

Identification of the Binding Pocket

The binding pocket was identified using Pocket Finder and Q-site finder that uses the Ligsite
algorithm (68-70). The output of the predicted binding pocket was also compared to the
Computed Atlas of Surface Topography of proteins (CASTp), which uses the alpha shape
theory pocket algorithm (71, 72). The identified pocket was also validated through
comparison to the structural alignment of the resolved homology model and template
(MKP3).
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Selection of the Compound Dataset and High-throughput in silico Docking

All docking and scoring calculations were performed using the 2012 Schrddinger Suite. The
compound library was retrieved from ChEMBL-NTD (ftp://ftp.ebi.ac.uk/pub/databases/
chembl/ChEMBLNTDY/) and prepared using LigPrep (LigPrep v2.5, Schrédinger LLC). The
homology model, made from sequence PF3D7_1305500, was minimized using the
OPLS2005 (73) force-field algorithm and the grid files were generated in GLIDE (Glide
v5.8, Schrodinger LLC) (74, 75). The modeled structure was used to identify small
molecular inhibitors with affinity to the predicted active site through in silico docking
experiments using extra precision (XP) mode (75) on a Dell Precision 490 workstation with
an Intel Xeon dual quad-core processors. From the results obtained, the molecule structures
with the highest predicted affinity; lowest docking scores within GLIDE’s error of 2
kcal/mol to the active site were selected. From this subset, the commercially available
compounds were identified.

In vitro parasite culture conditions

P. falciparum NF54 and C9 were cultured according to standard methods at 37°C (5% O
and 5% COo, nitrogen balanced) in 5% hematocrit (O+ blood) and RPMI 1640 medium with
0.5% Albumax Il, 0.25% sodium bicarbonate and 0.01 mg/ml gentamicin (76).

In vitro Drug Susceptibility Assay Using SYBR Green |

Results

Synchronized cultures were seeded into 96-well plates at 0.5% parasitemia and cultured for
96 hours under the previously stated conditions. Plates were then frozen overnight at -80°C.
Plates were thawed for 15 minutes then mixed by pipetting. Eighty microliters of each well
were transferred to a new 96-well plate followed by 100 pL of SYBR Green | (Sigma
Aldrich) in lysis buffer (0.2 pL of SYBR Green I/mL 2X lysis buffer). Plates were covered
and incubated in the dark for 1 hour at room temperature. Fluorescence intensity was
measured with a SpectraMax M2€ microplate fluorescence reader (Molecular Devices) with
excitation and emission wavelengths of 485 nm and 525 nm respectively. The sample values
were expressed in relative fluorescence units (RFU). ECgq values were obtained by
normalizing the values using control wells of samples cultured without drug and plotted
using a one-phase exponential dose response curve using GraphPad Prism 6 (GraphPad
Software Inc.).

Evaluation of the Physical Properties of PF3D7_1305500

Initial evaluation of PF3D7_1305500 included an investigation of potential binding sites,
phosphorylation sites, and post-translational modifications. These methods provided
additional insight into potential interactions and functions of this putative phosphatase
through the use of publicly available bioinformatics tools. This analysis found that there
were not any significant phosphorylation sites or post-translational modifications.
PF3D7_1305500 also did not show presence of a signal peptide. The predicted secondary
structure was used to validate the homology model and supported the final structure.
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Active Site Prediction

The predicted binding pocket for the PF3D7_1305500 protein product was identified and
validated using Qsite-Finder, Pocket Finder and CASTp. A total of 10 binding pockets were
found and compared to the active site of the template protein. The analysis revealed that the
identified pocket in the region of the signature motif was highly conserved with the template
active site as predicted through the multiple sequence alignment (Figure 1). Phylogenetic
analysis showed the overall evolutionary distance between the Plasmodium sequences and
the template (Figure 2). The residues within the binding pocket include the signature motif
residues of previously characterized active phosphatases. For example, the residues C383,
D345 and 1398 of PF3D7_1305500 align with the conserved C293, D262 and R299 of
MKP3. This comparison also suggests functional conservation can be inferred between this
template and a homology model.

Molecular Structure of PF3D7_1305500

A crystallographic structure of PF3D7_1305500 has not yet been resolved by experimental
methods and neither is there a homologous protozoa protein that could be used for a
template. The closest template available in the Swiss Model repository for homology
modeling was the human phosphatase MKP3 with 21% similarity (Figure 3). The overall
quality of the model predicted by ERRAT was 69.375 compared to 88.235 of the template,
which was favorable considering the numerous INDELSs in the primary sequence (Figure 4).
Analysis and validation of the structure using the WHAT-IF web interface revealed that the
structure was in agreement with standard structural conditions. Analysis of the
Ramachandran plot gave a Z-score of —1.124 that was within the expected ranges for well-
refined structures with 89.2% of the amino acid residues in favored regions (Figure 5). All
bonds were in agreement with standard bond lengths with a RMS Z-score of 0.669 and RMS
deviation of 0.015. Additionally, the RMSD score from DaliL.ite of Ca trace between 141
aligned residues of MKP3 and the homology model of the PF3D7 _1305500 DUSP was 0.5
A with a Z-score of 26.7 and 21% sequence identity. Conservation of the predicted site in
the homology model and the validated site in the template suggests that the selected pocket
was the most favorable for HTS. The combined results from these various analyses suggest
that the homology model of PF3D7_1305500 DUSP is reasonable and reliable.

Ligand Selection and Drug Susceptibility Assay

The European Bioinformatics Institute (ChEMBL-NTD) has published open access
phenotypic screening datasets that focus on neglected tropical diseases. Inhibitory
compounds were previously screened against P. falciparum 3D7 and have a minimum
inhibitory potential of 80% validated using LDH activity assays as an index of growth (GSK
TCAMS Dataset) or erythrocyte-based proliferation assays (Novartis-GNF Malaria Box
Dataset) (29, 77). The bioactive drug-like small molecules in the database adhere to the
Lipinski rule-of-five and some provide abstracted bioactivities (78). Therefore, this
collection of validated bioactive compounds represents the best, most diverse sets of
compounds currently available for anti-malarial drug discovery research.

From the ChEMBL-NTD datasets, compounds were docked and ranked according to the
GLIDE score. The 5% of the highest-ranking compounds were evaluated and selected on the
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basis of their quality of interaction represented by the GLIDE calculation. Poses of each
compound were resolved to show the theoretical interaction of each molecule with the active
site residues (Figure 6). Of the most promising compounds, seven were readily available by
commercial sources (390097; 7,8-Dihydroxy-2H-chromen-2-one: 524725; 1-(4-
Chlorophenyl)-5-oxo-3-pyrrolidinecarboxylic acid: 533073; 2-((N-[(4-Fluorophenyl)(2-
thienyl)methyl]glycyl)amino)-3-thiophenecarboxamide: 533730; 2-([N-
(Diphenylmethyl)glycyl]lamino)-3-thiophenecarboxamide: 525841; 3-[(E)-(1H-
Benzimidazol-2-ylhydrazono)methyl]-2-chloro-7-methoxyquinoline: 579624; 2-[(2E)-2-
(1,3-Benzodioxol-5-yImethylene)hydrazino]-1H-benzimidazole: 585222; 2-[(2E)-2-(3,4-
Dimethoxybenzylidene)hydrazino]-1H-benzimidazole) (Table 1) and therefore selected for
the validation.

The bioactivity of the selected compounds was contrasted between the wild-type parasite
strain (NF54) and an attenuated line unable to express PF3D7_1305500 (C9) (Figure 7).
These in vitro assays revealed that C9 had reduced susceptibility to 533073, 533730 and
579624 when compared with NF54 (Table 2). The mechanisms of action for each of these
antimalarials is not known; however, considering the absence of the proposed target in the
C9 parasite line it would be expected that there would be an altered response in these
parasites when compared to the wild-type. Understanding the difference in susceptibility
allows us to develop further studies to delineate the mechanisms of action for each of the
selected molecular inhibitors.

Discussion

Phosphorylation cascades are important regulatory process that exert their influence on
cellular development through signal transduction and as a result have been investigated
extensively to elucidate targets of chemotherapeutic intervention (12, 25, 79-82). These
pathways are not yet fully characterized in Plasmodium and consequently there have not
been any classes of drugs developed to target phosphorylation-dependent signal transduction
cascades. Based on our preliminary understanding of PF3D7_1305500, pathways utilizing
this atypical phosphatase are involved in important cell cycle regulatory processes during
intraerythrocytic asexual development. Through homology modeling of the atypical MKP
DUSP domain and in silico high-throughput screening of its binding pocket, we investigated
the possibility of PF3D7_1305500 as a drug target. Previously, these methods were
successful in identifying potential inhibitory compounds using other components of the
developmental cycle (83).

In P. falciparum, PF3D7_1305500 is a unique atypical phosphatase without any other
identifiable paralogs in the genome. It is conserved among Plasmodium species as a single
copy ortholog present in P. berghei (PBANKA _140400), P. c. chabaudi (PCHAS_140590),
P. knowlesi (PKH_140400), P. vivax (PVX_12110), P. cynomolgi (PCYB_141500), and P.
y. yoelii (PYYM_1407600). Conservation among the Plasmodium parasites, especially P.
falciparumand P. vivax is favorable, since the ability to target both of these parasites with
the same drug would present a clear advantage (84, 85). The conserved binding pocket in the
DUSP domain homology model maintained the necessary features for activity and
demonstrated an ability to accommodate an inhibitory substrate. Considering these structural
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characteristics, it is likely that PF3D7_1305500 interacts with the MAPK signaling pathway
that is indispensable to P. falciparum development similar to its critical function in other
eukaryote organisms (11, 17, 86-91). In addition, low homology with the closest
mammalian orthologs is often an indicator of favorable drug targets. Since unique and
conserved genes are typically under negative selection making their products essential, low
homology limits adverse off-target effects in the mammalian host (83, 92).

The ChEMBL-NTD contains thousands of compounds with validated antimalarial activity
profiles (29, 93, 94). In light of their inhibitory actions, the targets and mechanisms of action
for most of them in P. falciparum are yet to be determined. Hypothetical malarial modes of
action were developed for a few compounds to help facilitate their application against
Plasmodium through historical GSK data regarding biochemical activity with human and
microbial targets (29). In the previous studies, possible targets were inferred, but none of the
hypothetical targets were associated with the compounds identified through the in silico
screen in this current study.

To investigate the potential targeting of this P. falciparum atypical MKP by the selected
inhibitory compounds, the susceptibility of NF54 wild-type parasite line was compared to
the mutant P. falciparum clone C9, which is a genetically attenuated parasite line not
expressing PF3D7_1305500. In vitro growth inhibition assays revealed that compounds
524725, 533073 and 533730 have lower efficacy against mutant parasites compared to the
wild-type NF54. Although further definitive studies are required this finding indicated that
the MKP DUSP is a target of these compounds, enabling us to postulate it as a therapeutic
target. Investigation of potential off-target activity was not feasible in this study.

Conclusions and Future Directions

One of the main challenges to post genomic biology is translating a pathogen’s genome to
new drug targets to take advantage of combinatorial methods. In this study we demonstrated
the ability to utilize in silico HTS to identify from a chemical database suitable lead
candidates for novel target validated in a forward genetic screen. Greater utilization of this
approach offers a great opportunity to assist drug discovery efforts and accelerating
structure-based design. In practice, experimentally determined structures are preferred for in
silico studies; however, the number of pharmaceutical targets of interest has far outpaced the
ability to experimentally develop protein structures (30). As a result, homology modeling
has become the popular method of investigation for the growing number of interesting
pharmaceutical targets. Comparisons of docking results from both homology models and
experimentally validated structures have produced comparable results (95, 96). Exploitation
of multiple strategies is necessary in order to advance the base of knowledge in this field.

Our findings show a proof-of concept using in silico screening of available compound
libraries with a Plasmodium protein to identify inhibitors and potentially elucidate
mechanisms of action. The approach used employs both experimental and computational
methods to identify drug compounds, which would be vital to the search for new
antimalarial drugs. This method expedites the screening of large sets of compounds,
allowing the identification of more manageable compounds sets in a reduced timeframe.
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Figure 1.
Multiple sequence alignment of protozoan orthologs of PF2D7_1305500 with potential

templates. Potential templates were identified from BLAST searches in Swiss Model. The
obtained sequences were aligned using CLUSTALW. The conserved binding pocket

residues are highlighted in black ( 2 & 8), whereas the main deviation in the binding pocket
residues is the presence of an isoleucine in the Plasmodium sequences, which aligns with
arginine present in the template sequences is highlighted in grey ( ©). Additionally there are
additional residues in the region of the binding pocket following the cysteine. These two
alterations are conserved in the Plasmodium sequences. Sequence orthologs in the alignment

are from P. falciparum (PF3D7_1305500), P. knowles (PKH_140400), P. vivax
(PVX_122110), P. berghei (PBANKA _140400) and Homo sapien (MKP3_1MKP_A,
DUSP9_2HXP_A, MKP5_1ZZW_A).
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Phylogenetic analysis of PF3D7_1305500. The Neighbor-Joining method was used to
construct the evolutionary history of the atypical phosphatase using the bootstrap test with
1000 replicates. The evolutionary distances were computed using the Poisson correction

method.
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¥ D345

C383

Figure 3.
Homology model of PF3D7_1305500. The structure of PF3D7_1305500 (brown) was

developed using the crystal structure of MKP3 as a template (PDB 1MKP). Alignment of
the model with MKP3 (green) revealed that the final structure showed the catalytic residues
aligned to the proposed positions in the active site. The presence of the signature motif
insertion does not affect the shape of the active site and forms an alpha-helix adjacent to the
binding pocket without obstructing the site.
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Overall quality assessment of the model evaluated using ERRAT. The figures compare the
template crystal structure and homology model for (A) PF3D7_1305500 and (B) MKP3.
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Ramachandran plot. The quality of the homology model was validated and found to have

89.2% of the residues in favorable positions.
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Figure6.
DUSP domain virtual screen. The homology model structure of the binding site of the

PF3D7_1305500 DUSP domain was used for an in silico virtual screen of compound
structures in ChEMBL database. (A) The binding pocket is surrounded by three conserved
residues (D345, C383, 1398) thought to be involved in substrate binding. Additional residues
adjacent to the binding pocket with predicted polar interaction of the ligands were also
included. (B—H) This pocket was targeted for virtual screening and 7 of the compounds with
greatest affinity to this site were identified.
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Figure7.
SYBR green | assay of selected compounds. Mean ECsg values were calculated and plotted

in GraphPad Prism 6. Three compounds 533073, 533730 and 579624 shows significantly
lower activity against C9 parasites.

Chem Biol Drug Des. Author manuscript; available in PMC 2015 July 09.



Page 20

Campbell et al.

wi- ¢ 9 Lr'e €862 8j0zepiwizuag-HT-[ourzespAy(suapiiAzusghxoyrewia-v'e)-z-(32)l-¢ 222585

€T L- z 9 Lz €082 8]0zepiwizuag-HT-[ourzespAy(auajAyiawiA-g-joxolpozuag-¢ T)-z-(32)]-¢ ¥296.S

98- ¢ S 16'€  8'TSE autjoutnbAxoyaw-,-010]ya-g-[|Aupaw(ouozelpAy|A-z-jozepiwizusg-HT)-(3)]-€ T¥852S

we- € € 0¥z §'69€ apiwexogueasuaydoly-g-(outwe[|KoA|6(1ApawiAusydia)-N])-¢ 0£LE€S

62'8- € € ov'c  §'68¢  apiwexogseasuaydolyy -g-(ourwe(|AoAIB[IAyew(1Ausiyi-z) (1Ausydolon|4-)]-N))-z €10€€S —n, |
we- 1 € or'T  9'6€¢C p1ae d1jAxoguessuipijo.iAd-g-ox0-G-(jAusydoiolyd-v)-1 Akt N
GE'8- 4 14 T T8LT 8U0-Z-UsWoJyd-Hz-AxoipAyla-g‘, 16006E

91005 agH vaH dboTl MW sweN dl 1gn3aud 2InPNIS

Author Manuscript

"Bu1uaa12s 0.111A Ul 4oy pash spunodwod Q1N-T1gINTYD pe1dajes

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Chem Biol Drug Des. Author manuscript; available in PMC 2015 July 09.



Page 21

Campbell et al.

0000  8ZFEBES L'16¥88LE 222585
0T000  98'6E¥¥8S T'€ET9ET ¥296.G
19v50  TBYFELYEL 8'eETT'98T Tr8525
€000  9TSFEOIS g'ETTFE 96T 0£LE€5
€000  £98¥€/22T v LEF6TLY £L0€€S
0vZ00  29FY'8YE §'9EFT'E0G S2LVES
VeIT0  L'EEF6BYT 9'ESFZOVE 16006€
d  (Wu)60%03  (WU)¥SIN®D3  dIpunodwod

"196.e) paoipaid ayr Buissaidxa 10u usym abejueape 1ybifs e aney Aew saniseded g reys s1sabbns siyl *(50°0 >d) Aujigndaasns
Jayealb Ajppueaijiubis aney 01 yG4N MOYS £296/G pue 0ELEES ‘€20£EES spunodwo) (G0'0 =) 181 Asullyp-uuely ayl Buisn patedwod aiam saisered (6D)
00GSOET 2A€4dV pue (¥S4N) adA1 pjim ayy Buireasy wouy paurelqo sanfen 0593 'spunodwod pajos|as ayy o1 Alj1qndsasns 62 pue ySG4N 4o uostiedwo)

Author Manuscript

¢ ?dlqel

Author Manuscript

Author Manuscript

Author Manuscript

Chem Biol Drug Des. Author manuscript; available in PMC 2015 July 09.



